The Gram-negative bacterium Burkholderia pseudomallei is the causative agent of melioidosis, a major cause of lethal sepsis and morbidity in endemic areas of Southeast Asia and a potential bioterrorism threat. We have used susceptible BALB/c mice to evaluate the potential of targeting vaccination and generic immunotherapy to the lung for optimal protection against respiratory challenge. Intranasal vaccination with live attenuated B. pseudomallei increased survival and induced interferon-c-secreting T cells in the lung. Intranasal delivery of CpG oligodeoxynucleotides also provided significant protection; however, combining preexposure vaccination with CpG treatment at the time of infection or up to 18 hours after infection, provided significantly greater protection than either treatment alone. This combination prolonged survival, decreased bacterial loads by .1000-fold, and delayed the onset of sepsis. This novel approach may be applicable to other potential biodefense agents for which existing countermeasures are not fully effective.
The Gram-negative, saprophytic bacterium Burkholderia pseudomallei is the causative agent of melioidosis, a major cause of morbidity and mortality in endemic areas of Southeast Asia and tropical Australia [1, 2] . Melioidosis has a broad spectrum of disease presentation, ranging from fatal septicemia to chronic abscess formation or asymptomatic latent infection, which can reactivate after many decades from an as-yetunknown tissue reservoir [3] . Natural infection can occur through the inhalation or subcutaneous inoculation of bacteria [1, 2] . Although virtually any organ can be affected, pulmonary infection is common and associated with the highest mortality rates [4] [5] [6] . Given its infectivity via the respiratory route, B. pseudomallei is also a potential biowarfare and bioterrorism agent [1] .
There is no vaccine for melioidosis, and antibiotic treatment is not fully effective, with frequent relapses despite long courses of multiple drug therapy [1, 2] . Antibiotic efficacy varies considerably depending on whether infection is localized or bacteremic. Septicemic melioidosis is associated with high mortality rates despite aggressive antibiotic treatment and intensive care management [7, 8] , whereas chronic infection is more successfully treated by the surgical removal of abscesses and/or antibiotic treatment [1] . Interventions that prevent or delay the onset of sepsis, thereby increasing the treatment window in which conventional antibiotics are more successful, are an important objective of ongoing research.
To date, experimental immunotherapies for melioidosis have targeted either the innate or adaptive immune responses by systemic administration of generic immunostimulants or vaccines. In murine models, systemic administration of synthetic CpG oligodeoxynucleotide (ODN) protects against a wide variety of intracellular pathogens [9, 10] . In the case of B. pseudomallei, partial protection was observed by intramuscular treatment with a B-class CpG but only when it was given several days before infection, a strategy that is not realistic in a biodefense setting [11] . Numerous vaccine strategies have also been attempted, each providing partial protection but again focusing mostly on systemic administration and analysis of splenic rather than pulmonary immune responses [12] [13] [14] [15] . Evidence from other airborne pathogens such as Mycobacterium tuberculosis suggests that pulmonary vaccination can be superior to immunization at other sites for protection against respiratory infection [16, 17] . In the present study, we evaluated the potential of combining pulmonary vaccination against respiratory challenge with B. pseudomallei with the administration of CpG to boost innate immunity at the time of, or after, infection. We chose to use C class CpG, because these agents induce a broader range of immune responses than B class ODN [18] . This novel approach provided superior benefits for survival and delayed the onset of sepsis in a high-dose challenge infection model. Combining prophylactic immunization with postexposure generic immunotherapy may also be applicable to other potential biowarfare agents for which existing countermeasures are not fully effective.
MATERIALS AND METHODS

Treatment of Mice and Bacterial Infections
Female BALB/c mice (Charles River), aged 7-10 weeks, were used. Animals were maintained with access to food and water ad libitum under Animal Biohazard Containment Level 3 conditions. All animal experiments were performed in accordance with the Animals (Scientific Procedures) Act 1986 and were approved by the London School of Hygiene and Tropical Medicine Ethical Review Committee.
B. pseudomallei strain 576 was isolated from a patient with a fatal case of human melioidosis in Thailand. B. pseudomallei 576 2D2 was generated by signature-tagged mutagenesis, as described by Atkins [19] , and contains an insertion in the Ilv1 gene required for synthesis of branch chain amino acids. Stocks were prepared in tryptone soy broth and stored at -80°C. Intranasal or intraperitoneal infections and tissue or blood bacterial loads were determined as described elsewhere, with a limit of detection of 100 colony forming units (CFU)/lung or 10 CFU/mL blood [15] . Mice were vaccinated with a single dose of either 10 5 or 10 6 CFU of B. pseudomallei 2D2 via the intranasal or intraperitoneal route, respectively, and challenged after 5-8 weeks with B. pseudomallei 576. The C class CpG ODNs 10101 and 2395 and the negative control ODN 2137 [20] were provided by Dr Art Krieg (Coley Pharmaceutical, recently acquired by Pfizer). Unless indicated, ODNs were diluted in phosphate-buffered saline (PBS) together with the bacterial inoculum and administered simultaneously. Optimal concentrations were determined, to reduce potential toxicity.
Measuring Cytokine and Chemokine Protein Concentrations in Lung Homogenates and Plasma
Lungs were harvested into cold PBS containing protease inhibitors (Complete Mini Protease Inhibitor Cocktail; Roche) and homogenized as described elsewhere [21] . Cells were lysed with 0.1% Triton X100 (Sigma) before centrifugation to pellet cell debris. Blood samples were centrifuged for 10 minutes at 4°C and plasma assayed for interferon (IFN)-c, interleukin (IL)-12, tumor necrosis factor (TNF)-a, IL-6, IL-10, and monocyte chemoattractant protein (MCP)-1 using CBA Mouse Inflammation Kits (BD Biosciences).
In Vitro Cell Stimulation and IFN-g Analysis
Lung or spleen cell suspensions were prepared as described elsewhere [21] , plated in 96-well plates (1 3 10 6 cells/well), and stimulated in triplicate with either medium, 1 3 10 5 CFU of c-irradiated B. pseudomallei 576, or c-irradiated bacteria and cyclosporin A (2.5 lg/mL; Sigma). For flow cytometry, after overnight incubation at 37°C, cells were treated with brefeldin A (10 lg/mL; Sigma) for 3 hours and stained using anti-CD4 (RM4-5; 2 lg/mL; Caltag Laboratories) and anti-CD8 (53-6.7; 1 lg/mL; BD Biosciences) or anti-IFN-c (0.05 lg/mL; XMG1.2; BD Biosciences) antibodies [21] . Acquisition was performed on a BD Biosciences FACSCalibur flow cytometer; $100 000 events were acquired per sample and analyzed using CellQuest software gated on lymphocytes defined by forward and side scatter. Enzyme-linked immunosorbent assays of supernatants harvested after incubation at 37°C for 3 days were performed using AN18 and biotinylated R46A2 antibodies (Mabtech) [21] .
Statistical Analysis
Kaplan-Meier survival curves were compared by log-rank analysis. Median values of bacterial loads and cytokine levels were compared by nonparametric Mann-Whitney test. All other data were analyzed using Student's unpaired t test. Differences were considered significant at P , .05.
RESULTS
Intranasal Vaccination to Increase Resistance Against Pulmonary Challenge and Prime B. pseudomallei Reactive T Cells in the Lung
We have shown elsewhere that intraperitoneal vaccination with the attenuated B. pseudomallei auxotroph, 2D2, protected against intraperitoneal challenge with wild-type B. pseudomallei 576 in susceptible BALB/c mice [19, 22] . To assess its potential as a respiratory vaccine, we first demonstrated that 2D2 is also significantly attenuated via the intranasal route (.100 000 times less virulent than wild type) and is cleared from lungs and spleens within 1 week (data not shown). Mice were then immunized with an optimized single dose of 2D2 via the intraperitoneal (10 6 CFU) or intranasal (10 5 CFU) route, challenged intranasally with 10 2 CFU B. pseudomallei 576, and monitored for survival. Intraperitoneally immunized mice were only marginally protected against pulmonary challenge compared with unvaccinated controls, with median survival times (MSTs) of 8 and 6 days, respectively (P 5 .003), whereas intranasally immunized mice survived significantly longer, with an MST of 14.5 days (P 5 .001) ( Figure 1 ). IFN-c is important for resistance against B. pseudomallei via the activation of macrophages [2, 22, 23] . Here, IFN-c was undetectable in lung cells from naive mice stimulated with dead B. pseudomallei, whereas lung cells from 2D2-immunized mice produced IFN-c on restimulation in a cyclosporin (ie, T-cell receptor)-dependent manner [24] , regardless of vaccination route ( Figure 1 ). Pulmonary T-cell responses were 2-fold greater in mice vaccinated intranasally than in those vaccinated intraperitoneally, a difference correlating with greater protection against pulmonary challenge (P , .001) ( Figure 1 ). Intranasal vaccination also generated detectable CD4 1 ( Figure 1 ) and CD8 1 (data not shown) T-cell responses in the spleen, as assessed by flow cytometry; these were equivalent in magnitude to responses induced by intraperitoneal vaccination, for which CD4 1 but not CD8 1 T cells mediate protection in vivo [22] .
Effect of Intranasal 2D2 Vaccination on Lung Bacterial Loads After Pulmonary B. pseudomallei Challenge
An assessment of the impact of vaccination on postchallenge pulmonary bacterial loads demonstrated that control of infection occurred in 2 phases. In vaccinated mice, there was a 12.7-fold reduction in the number of bacteria in the lungs within 1 day after challenge, compared with unvaccinated controls (P 5 .03) ( Figure 2 ). The increase in bacterial burden then proceeded at the same rate in both groups until day 3; after this point, unvaccinated mice succumbed to infection, but in 2D2-vaccinated animals bacterial loads were maintained at between 10 6 and 10 7 CFUs until day 13 ( Figure 2 ). This maintenance phase was associated with the formation of a few large abscesses within the lung and spleen compartments, which were immunized with B. pseudomallei 2D2 via the intranasal (i.n.) or intraperitoneal (i.p.) route at a dose of 10 5 or 10 6 colony-forming units (CFU), respectively. After 5 weeks, mice were challenged intraperitoneally with 10 6 CFU of wild-type B. pseudomallei 576 and monitored for survival. Statistical significance was determined using KaplanMeier analysis; **P , .005. B, C, BALB/c mice (n 5 3) were immunized with B. pseudomallei 2D2 via the intranasal or intraperitoneal route and boosted with a second immunization at the same dose and route after 2 weeks. Five weeks after the first vaccination, lung and spleen cells were stimulated in vitro with 10 5 dead B. pseudomallei with or without cyclosporin A. B, IFN-c was detected in lung cell culture supernatants by enzyme-linked immunosorbent assay. ***P , .001. C, IFN-c 1 CD4 1 spleen cells were identified by flow cytometry after gating on viable lymphocytes by forward and side scatter profiles. Data are from triplicate samples, are presented as means 6 standard errors, and represent 2 independent experiments. Statistical significance was determined using Student's unpaired t test; NS, not significant. contrasted with the numerous small, miliary foci observed in unvaccinated mice with similar bacterial burdens at day 3 after infection (data not shown).
Intranasal CpG for Protection From Lethal Pulmonary Infection With B. pseudomallei and Promotion of Inflammatory Cytokine Responses
Our next objective was to determine the protective efficacy of the generic immunostimulant CpG ODN in the context of pulmonary infection. Intranasal treatment with 75 lg of CpG ODN 10101 alone, at the time of bacterial challenge, extended the MST to 13 days, compared with 6 and 6.5 days in mice treated with saline or control ODN, respectively (P 5 .04) (Figure 3 ). This protection was equal to a preinfection treatment regime, with dosing 10 and 3 days before infection with the same CpG ODNs (data not shown). Treatment with either C class CpG, ODN 10101 or ODN 2395, improved early bacterial clearance in the lung compared with control mice within 1 day of challenge (data not shown), and by day 3 bacterial loads were reduced 348-or 333-fold with CpG ODN 10101 (P 5 .004) (Figure 3) or CpG ODN 2395, respectively (P 5 .01) (Figure 3) .
In uninfected mice, the administration of intranasal CpG ODNs induced TNF-a (P 5 .04), IL-6 (P , .001), MCP-1 (22-fold; P , .001), and, to a lesser extent, IFN-c (P , .001) (Figure 4 ) in the lung within 1 day of treatment, compared with undetectable levels in control ODN-treated or untreated mice. These responses were mostly transient, decreasing by day 2 after treatment, except for the IFN-c response, for which the difference was not statistically significant. In contrast, in B. pseudomalleiinfected mice receiving no CpG, the same cytokine responses were not apparent until day 2 after infection, with large increases in levels of TNF-a (P 5 .004), IL-6 (P 5 .03), and IFN-c (P , .001) and a 17-fold increase in MCP-1 (P , .001) ( Because either vaccination or CpG treatment alone produced substantial reductions in bacterial burden, we used a more Statistical significance was determined using Student's unpaired t test; *P , .05; **P , .005 stringent high-dose challenge model (3-fold increase in challenge inoculum from previous experiments) to assess the potential of a combination approach. Untreated naive mice rapidly succumbed to infection, with an MST of 6 days, whereas mice given either single immunotherapy were partially protected from this higher challenge, with MSTs of 8 days after CpG treatment (P 5 .002) and 12.5 days after 2D2 vaccination (P , .001) ( Table 1 ). In each case this protection was associated with a .10-fold decrease in lung bacterial loads compared with untreated controls (P 5 .004) ( Table 1) . However, mice receiving the combination of 2D2 vaccination and CpG immunotherapy (2D2 1 CpG) survived significantly longer than those given either treatment alone, with an MST of 19 days (P 5 .03 vs each single treatment and P 5 .004 vs no treatment) ( Table 1) . Lung bacterial loads in the mice treated with 2D2 plus CpG were 69-and 109-fold lower, respectively, than those in mice given CpG or 2D2 alone (P 5 .004), and .1000-fold lower than mice receiving no treatment (P 5 .004) ( Table 1) .
Effect of Combination Therapy on Onset of Sepsis
Given the clinical importance of sepsis as a predictor of death in human melioidosis, we then evaluated the efficacy of combination immunotherapy in the prevention of sepsis in our high-dose challenge model. Sepsis was defined as the appearance of bacteria and proinflammatory cytokines (TNF and IL-6) in the blood, concordant with the clinical definitions of sepsis used in general terms and for stratifying human melioidosis cases [25, 26] . All infected but untreated mice were bacteremic within 2 days, and after 4 days the median blood bacterial load was . 10 5 CFU/mL ( Figure 5 ). In mice treated with 2D2 plus CpG, blood bacterial loads were significantly lower, with 2 of 7, 5 of 8, and 3 of 6 mice culture negative at day 2, 4, and 7 after infection, respectively, and all remaining mice harboring ,10 2 CFU/mL blood (P , .001 for days 2 and 4). However, by day 11 after infection, bacteria were detected in the blood of all of these treated mice (P . .05 for comparison with naive mice at days 2 and 4), consistent with previous observations that these animals will succumb from day 12 onward (Table 1 and data not shown).
In control mice, plasma concentrations of IL-6 were elevated 2 days after challenge compared with uninfected mice (,30 pg/mL) and exceeded 3.5 ng/mL in 3 of 4 mice by day 4 ( Figure 5 ). In contrast, IL-6 concentrations in plasma from mice treated with both 2D2 vaccination and CpG remained at baseline levels in 6, 7, and 4 of 8 animals at days 2, 4, and 7 after infection, respectively, and by day 7 remained significantly lower than those in control mice at day 2 after infection (P , .001) ( Figure 5 ). In mice receiving combination treatment, plasma TNF-a also remained at baseline levels for a week after challenge and increased only at day 11 as mice succumbed to infection ( Figure 5 ). Thus, combination immunotherapy with pulmonary CpG treatment and 2D2 vaccination delayed the onset of sepsis by almost a week, even though residual bacteria were present in multiple organs.
Most importantly, CpG treatment at 18 hours after infection still significantly reduced bacteremia, with 3 of 8 mice blood culture negative on day 4 compared with 0 of 8 in the untreated group (P , .001 for blood bacterial load), with a 100-fold reduction in bacterial loads in all remaining mice and decreased plasma concentrations of IL-6 and TNF-a ( Figure 6 ). However, statistically significant protection was not observed when CpG treatment was delayed until 25 hours after challenge. Thus, in mice that have previously been vaccinated, there is a short but significant window of time when postinfection treatment with CpG is effective in delaying the onset of lethal sepsis.
DISCUSSION
Pulmonary exposure to B. pseudomallei occurs in endemic regions and is the most likely potential route of infection in a biodefense scenario. The most susceptible route of infection in murine models of melioidosis is also by intranasal instillation or inhalation of bacteria [27, 28] , and in genetically susceptible BALB/c mice provides the most stringent test of any candidate intervention. Using the well-characterized live-attenuated B. pseudomallei mutant 2D2, which we have shown elsewhere to 2395 and unvaccinated mice treated with control ODN 2137 were challenged with 3 3 10 2 colony-forming units (CFU) of B. pseudomallei 576, and heparinized blood was harvested on days 2, 4, 7, and 11 after challenge. A, Bacterial loads from whole blood. Dashed line indicates limit of detection. B and C. Plasma levels of proinflammatory cytokines were determined by CBA assay. B, Interleukin (IL)-6. C, Tumor necrosis factor (TNF)-a. ND, not done (severity of infection in untreated mice did not permit sampling at these later time points); dagger indicates that a mouse died before blood was harvested. Statistical significance was determined using the Mann-Whitney test; *P , .05; **P , .005; ***P , .001; NS, not significant. protect against intraperitoneal challenge [19, 22] , we now demonstrate that intranasal vaccination elicits significant protection against intranasal B. pseudomallei challenge. Importantly, 2D2 vaccination via the lung was superior to the intraperitoneal vaccination for eliciting protection against a subsequent respiratory challenge. This is consistent with previous B. pseudomallei studies showing that systemic vaccination was not effective against pulmonary challenge [12, 29] .
Dannenberg and Scott and Breitbach et al [30, 31] have described the potential of pulmonary vaccination against respiratory challenge with B. pseudomallei, but until now the nature of the immune responses generated have not been defined. Previous work from our laboratory has shown that intraperitoneal 2D2 immunization primes B. pseudomalleireactive T cells in the spleen, with depletion studies and adoptive transfer experiments demonstrating that CD4 1 T cells are essential for protection [22] . In the present study we go on to demonstrate that intranasal 2D2 immunization also generates B. pseudomallei-reactive, IFN-c-producing T cells in the lung and spleen and, importantly, that the magnitude of the T-cell responses in the lung correlates with the extent of protection.
Other vaccination studies in experimental models of pulmonary M. tuberculosis have also shown that intranasal vaccination conferred optimal protection compared with other routes and was associated with the ability to prime specific T-cell responses in the lung or lung lymph nodes [16, 17] . The ability of 2D2 vaccine-primed T cells to secrete IFN-c is consistent with the importance of this cytokine for macrophage activation and killing of intracellular B. pseudomallei [23, 32] . Pretreatment with CpG ODNs alone have been shown to elicit protection against primary intraperitoneal B. pseudomallei infection [11] , as well as infection with a range of other bacterial pathogens [9, 10, [33] [34] [35] . CpG also has an important role as an adjuvant in vaccination strategies against B. pseudomallei [14] . However, we have addressed 2 novel approaches to CpG treatment that are more applicable to a bioterrorism setting: targeting treatment directly to the lung and delivering CpG at the time of or shortly after bacterial challenge. We demonstrate that CpG treatment delivered to the lung conferred protection against pulmonary B. pseudomallei infection, associated with accelerated proinflammatory cytokine and chemokine responses (including TNF-a and IFN-c), increased recruitment of natural killer cells and macrophages, and enhanced bacterial clearance from the tissues. Our results clearly demonstrate the protective effects of intranasal CpG treatment in B. pseudomallei infection and support the growing evidence for the efficacy of this route of administration against pulmonary infection with other bacterial and viral pathogens [35, 36] Importantly, we have shown that mice were protected from B. pseudomallei infection when CpG ODNs were delivered at the time of challenge, in contrast to previous B. pseudomallei and B. mallei survival studies in which significant protection was obtained only after a preinfection treatment regimen [10, 11] . Until now, CpG treatment administered at the time of challenge, or after infection, has been successful only in controlling slower-growing pulmonary pathogens [34] . It seems likely that targeting CpG ODN to the . Heparinized blood from all mice was harvested at day 4 after challenge. A, Bacterial loads from whole blood. The dashed line indicates the limit of detection. B, C, Plasma cytokine levels were determined by CBA assay. B, Interleukin (IL)-6. C, Tumor necrosis factor (TNF)-a. Baseline plasma cytokine levels were obtained from saline-treated uninfected mice. Dagger indicates a mouse died before blood harvest. Statistical significance was determined using the Mann-Whitney test; ** P , .005; *** P , .001; NS, not significant.
lung and inducing protective immune responses directly at the site of infection allows CpG treatment to be effective more rapidly [36] .
We then asked if the protection offered by a partially effective vaccine could be enhanced by CpG given at the time of bacterial challenge. This involved local administration of immunostimulatory CpG ODN, not as an adjuvant [14] but to boost the innate pulmonary immune response in vaccinated mice at the time of challenge. Combining intranasal 2D2 vaccination and CpG treatment improved protection against a high-dose respiratory challenge in terms of extending survival, decreasing early pulmonary bacterial loads, and, most importantly, delaying by up to a week the onset of bacteremia and the systemic cytokine release (IL-6 and TNF-a) known to contribute to the immunopathology of sepsis [26, 37] . The latter is likely to be of particular clinical importance, because the success rate of antibiotic treatment is much higher when disease is localized and has not spread systemically. Remarkably, despite using the most susceptible route of exposure in a genetically susceptible mouse strain, CpG treatment could also be withheld for up to 18 hours after challenge in 2D2-vaccinated mice and still delay the onset of bacteremia and the systemic proinflammatory cytokine response. Nevertheless, under these conditions late breakthrough bacteremia still occurred, showing that our combination approach was successful but not sterilizing.
The ability to treat successfully after exposure is particularly applicable to a biodefense setting. Other combination therapies are being investigated for other highly virulent bioterrorism agents, such as Bacillus anthracis and Francisella tularensis, in mouse and nonhuman primate models [38, 39] . These have combined either vaccination or cytokine therapy with antibiotic treatment. The combination of vaccination and local CpG treatment has been shown to be an effective treatment in experimental models of melanoma [40] . However, our study provides a proof of principle demonstration that this strategy targeting both the innate and adaptive immune response in the lung is effective in controlling infectious diseases. Given that CpG ODN treatment alone is also partially effective against other select agents ( [9, 10, 36] reviewed in [18] ), a combined approach may also be broadly applicable for the control of other pathogens, such as F. tularensis, for which current vaccines may prove unreliable in the bioterrorism setting [41, 42] . Recently, combining antibiotics and cationic liposome-DNA complex mediated immunotherapy has also proved successful in a murine model of melioidosis [43] .
Finally, these findings also have important implications for disease management after the deliberate release of B. pseudomallei or other biodefense pathogens. Theoretically, combining prior vaccination and postexposure CpG treatment provides a window of time for potentially infected individuals to present themselves for treatment when bacterial growth is still contained within the tissues, and the prognosis for antibiotic treatment is good. From a public health perspective, this increased window for effective treatment, along with the ease of applying CpG ODNs via the lung compared with by injection, is essential given the logistics of treating people on a large scale, as would occur after a potential mass exposure event. Combining the benefits of our vaccine plus CpG approach together with antibiotic treatment may eventually provide the best long-term protection against disease.
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